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The x-ray optics for a thin-crystal Si (400) Bragg transmission phase plate have been constructed for 
the production of 5 to 12 keV circularly polarized x rays. Using multiple beam diffraction from a 
GaAs crystal, a direct measurement of the degree of circular polarization as a function of off-Bragg 
position was made. These measurements indicated nearly complete circular polarization 
(IP,1>0.95) and full helicity reversal on opposite sides of the rocking curve. 8 1995 American 
I&t&e of Physics. 

I. INTRODUCTION 

The importance of photon helicity in spin-dependent 
magnetic interactions has led to a great deal of effort in ob- 
taining high-quality circularly polarized x-ray (CPX) 
sources. Circularly polarized photons have definite angular 
momentum and thus couple with the moment of an atom 
allowing them to be used to probe the magnetic properties of 
materials. While this coupling has long been observed in the 
visible light region, it has only been recently demonstrated in 
the x-ray region, with the observation of magnetic Compton’ 
and Bragg scattering,’ and circular magnetic x-ray dichroism 
(CMXD).” These polarization-modulated x-ray spectroscopy 
and diffraction experiments have shown great promise to 
provide unique information about the magnetic properties of 
condensed matter, but their development has been hampered 
by the lack of efficient CPX sources. 

To be able to perform all these types of experiments, a 
CPX source ought to possess a few basic properties. First, 
since the magnetic cross section is much smaller than the 
Thomson cross section, the source should provide the highest 
possible photon flux and circular polarization rate (P,) inci- 
dent on the sample. Second, the source should be inherently 
stable, because these measurements generally involve differ- 
ences in two spectra on the order of 0.1% and thus are very 
sensitive to energy shifts and changes in the polarization. 
Third, the source should be energy tunable, that is, able to 
achieve maximum circular polarization for any given energy. 
Finally, the source should accommodate frequent and rapid 
reversal of the photon helicity in order to avoid systematic 
errors arising from drift in the experimental apparatus. This 
ability to reverse the photon helicity is also essential in ex- 
tending these types of measurements to hard magnetic mate- 
rials and low temperatures where rapid reversal of the 
sample magnetization direction might not be possible. 

While current CPX sources are able to provide some of 
these qualities, no one source has been able to combine them 
all. In this study, the optics for a thin-crystal Si (400) Bragg 
transmission phase plate have been constructed and tested. 
Measurements of the full polarization state of the transmitted 
beam indicate that this CPX source possesses all the desired 
qualities above. Therefore, this type of phase plate provides 
an energy tunable high P, x-ray source which can rapidly 
change between photon helicities with minimal attenuation 

of the x-ray beam, making it uniquely suited for magnetic 
x-ray scattering and absorption measurements. 

II. BRAGG TRANSMISSION PHASE PLATE 

Phase plates employ perfect crystal optics to transform 
linear to circular polarization by inducing a -C rr/2 phase shift 
between equal amounts of incoming cr and rr polarized ra- 
diation. Being the final optical element before the experi- 
ment, they offer the greatest degree of circular polarization 
incident on the sample (P,30.9). Furthermore, when uti- 
lized with an on-axis undulator beam, the amount of CPX 
flux delivered by phase plates can be comparable to that of a 
specialized insertion device but at a fraction of the cost. 
Three types of phase plates have been proposed and investi- 
gated up to now: (i) Bragg reflection,3 (ii) Laue reflection,’ 
and (iii) Bragg transmission.5-7 The Bragg reflection phase 
plate provides an energy tunable CPX source that can rapidly 
reverse the helicity, but requires a highly collimated incom- 
ing beam and thus special preliminary optics. The Laue re- 
flection phase plate, on the other hand, does not require a 
highly collimated incident beam or special preliminary optics 
to obtain a high P,, but it cannot scan in energy or reverse 
the photon helicity. By working in a transmissions rather 
than a retiection geometry, these problems encountered with 
the reflection-type phase plates can be overcome. 

According to the dynamical diffraction theory, the CT and 
r wave fields propagate with different phase velocities inside 
the crystal, therefore a phase retardation 6 can be induced 
between the polarization components. The degree of this 
birefringence is a function of the deviation of the incoming 
beam from the exact Bragg condition AL? On the tails of the 
diffraction peak, this birefringence changes relatively slowly, 
thus relaxing the degree of collimation required in the in- 
coming beam to obtain a well-defined polarization state. The 
diffracted intensity on the tails is very small, however; there- 
fore the transmitted beam rather than the diffracted beam 
must be used. For Bragg diffraction, the phase difference 6 
between the cr and IT fields for the transmitted beam is given 
by 
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FIG. 1. Experimental arrangement at the CHBSS B-2 station. A: Primary 
slits 0.75X3 mm; B: Asymmetric-symmetric Si (400) monochromator; C: 
Ionization chambers; D: Asymmetric Ge (333) linear polarizing channel-cut 
crystal diffracting at 4.5” to the horizontal; E: Bragg transmission phase 
plate; F: NaI detectors; G: Ga&s (222)/(113) reflection diffracting horizon- 
tally for polarimetry measurements. 

Here t is the crystal thickness, X is the wavelength, F, is the 
structure factor of the reflection, and r, is the classical elec- 
tron radius. The degree of circular polarization can be related 
to this phase difference S and the c7 and r transmitted field 
amplitudes, E, and E a, by 

(2) 

Note that the parameter A0 can be adjusted to obtain a n/2 
phase shift for any particular crystal thickness and photon 
energy and that _tAB results in +S. Therefore, for equal 
amounts of transmitted C-T and rr intensities, a single thin 
crystal may be used to obtain a nearly total circular polariza- 
tion at any energy and the helicity can be reversed simply by 
moving to opposite sides of the rocking curve. Furthermore, 
this helicity reversal can be accomplished rapidly and fre- 
quently because it involves a movement of only a few arcsec. 
By operating on the tails of the reflection curve, beam diver- 
gence does not dramatically affect the polarization properties 
of the transmitted beam, eliminating the need for special pre- 
liminary optics. Finally, this degree of polarization is 
achieved with a minimal attenuation of the x-ray beam since 
the AC? values of a few arsec, needed to obtain a phase shift 
of 7112, require a Si thin crystal of only l-2 absorption 
lengths. 

Ill. EXPERIMENTAL SETUP 

The measurements were performed at the CHESS B-2 
bending magnet beamline. The experimental setup and optics 
are shown in Fig. 1. Upstream slits prior to the monochro- 
mator first defined the incoming beam to 0.75 mmX3 mm. Si 
(400) monochromating crystals were used for a nondisper- 
sive arrangement with the Si (400) phase plate. The first 
monochromator crystal was cut asymmetrically (c~=2S’) in- 
creasing the beam size to 4 mmX3 mm. The asymmetric cut 
further collimated the beam allowing for higher circular po- 
larization rates and increased the acceptance of the mono- 
chromator providing for a higher throughput. To obtain equal 
amounts of CT and rr polarization incident on the phase plate, 
the beam was diffracted by a Ge (333) channel-cut crystal 
with the diffracting planes oriented at 45” to the particle 
orbital plane. The scattering angle of this reflection is very 
close to 90” for 8.0 keV photons, thus this geometry rotates 
the natural horizontal linear polarization of the synchrotron 
radiation to 45”. The Ge (333) crystal was also cut asym- 

metrically {cr=32”) in order to obtain the maximum possible 
acceptance and minimize the effects of the horizontal diver- 
gence of the beam. The asymmetries of both the Si (400) 
monochromator and the Ge (333) linear polarizer crystals 
were optimized to operate in the 7.0-9.0 keV range. 

The Si (400) phasetplates consist of 525 pm thick, 3 in. 
diam wafers with a 1 6; etched center portion (t = 50, 75, 
and 100 pm+l%j. Rocking curve measurements were taken 
to confirm that the crystals were held strain free. An electro- 
strictive actuator (ESA) mounted on a tangential arm was 
used for fine rotations (<O.l arc set) of the phase plate, 
while a standard rotation stage provided for coarse angle 
adjustments (0.9 arc set) and energy scanning. The polariza- 
tion measurements were performed by maximizing the dif- 
fracted intensity with the ESA and then moving off the Bragg 
condition with the rotation stage. The position of the diffrac- 
tion peak was checked periodically during polarimetry mea- 
surements. 

IV. PHASE PLATE CHARACTERIZATION 
A complete characterization of the polarization of the 

transmitted beam was made by a combination of normal 
Bragg diffraction and multibeam diffraction from a GaAs 
crystal. To obtain a direct measurement of the degree of cir- 
cular polarization, a technique must be sensitive to the phase 
as well as to the amplitude. In a two-beam diffraction pro- 
cess, this phase information is lost, but in multibeam diffrac- 
tion coherent interference between the wave fields of each 
reflection results in polarization state mixing making a direct 
measurement of the circular polarization possib1e.s There- 
fore, an independent determination of all three Stokes- 
Poincard parameters (PI , P2, P3), which characterize the CJ 
and n- linear, the f45” linear, and the left- and right-handed 
circular polarization, components can be made.Y Previous in- 
vestigations of this and other types of phase plates have only 
indirectly measured the circular polarization rate by measur- 
ing the linear components PI and P?, then inferring the cir- 
cular component P, from P, = (1 - Pf - P$1’2. This ne- 
glects possible contributions arising from unpolarized x rays, 
which can be on the order of 1O%.9 

The linear PI and P, polarization components were 
measured by diffracting from the GaAs (222) reflection with 
the scattering plane oriented at O”, W’, and 245’ with re 
spect to the vertical. The rocking curve measurements were 
made at each orientation, and the integrated intensities were 
used to determine the normalized difference over sum ratio. 
While the scattering angle for this reflection is not ideal for 
measurements of the linear polarization, 28,=56.7”, it is 
still possible’ to obtain values for P, and P, with only 
slightly larger errors than measurements taken with 
2 6, =90”. To obtain the circular component P, , the (222) 
main reflection was oriented to diffract horizontally and 
aligned along the 4 rotation axis of the polarimeter. Horizon- 
tal diffraction was chosen in order to more easily remain on 
the peak of the main reflection while rotating c$. Then the 
crystal was scanned 20.5” in C$ around the (113) secondary 
or umweg reflection. The asymmetric profile of the second- 
ary reflection in these scans is directly correlated to the cir- 
cular component present in the beam. To extract this, the 
scans were fit to 

Rev. Sci. Instrum., Vol. 66, No. 2, February 1995 Synchrotron radiation 1541 

Downloaded 15 Nov 2002 to 146.139.164.8. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



0.2 V. RESULTS 

0.1 The measured polarization components of the transmit- 
ted beam as a function of the off-Bragg position for a 50- 

0.0 ,um-thick crystal and 8.0 keV photons are shown in Fig. 2 

ck* 
along with theoretical curvesi convoluted to account for the 

-0.1 incoming beam divergence. There is good qualitative agree- 
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ment between the data for the linear polarization components 
and the theoretical curves. The data for the circular polariza- 
tion are all within error of the theoretical curve but tend to be 
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slightly higher than theory giving the unphysical result of 
21.02 for the peak P, polarization. This might be due to a 
small miscalibration of the energy which would adjust P, 
downward for equal measured asymmetry, or to a systematic 
error in the fits to the data overestimating the asymmetry. 
Even accounting for these errors, circular polarizations 
higher than P,2+0.95 are seen on both sides of the diffrac- 
tion peak, and the positions of the maximum polarizations 
line up well with theory. 

In summary, we have demonstrated that a Bragg trans- 
mission phase plate provides an energy tunable high P, CPX 
source, with minimal beam attenuation and easy polarization 
reversal. All of these qualities are unique to this CPX source, 
thus making this phase plate well suited to perform resonant 
magnetic scattering and absorption measurements. 
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FIG. 2. Measured linear and circular polarization components along with 
theoretical curve for a 50 ,um crystal at 8.0 keV incoming radiation 
P2=-1.0. 

2 

~=B+~z$~z+$-p- (3) 

Here B corresponds to the intensity of the main (222) reflec- 
tion, A is the parameter describing the asymmetry of the 
secondary reflection, P is the peak intensity of the secondary 
reflection, and A is the HWHM of the umweg reflection. 
Rewriting Eq. (4) in Ref. 9 it is found that P, is proportional 
to the ratio of the asymmetry term A and the main beam 
intensity B plus a small correction. 
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